Localized surface plasmon resonances in noble metal nanoparticles cause enhanced optical absorption and scattering that is tunable through the visible and near-infrared. Furthermore, these resonances create large local electric field enhancements at the nanoparticle surfaces, essentially focussing light at the nanometer scale. These properties suggest a range of applications, including biomedical imaging, therapeutics, and molecular sensing. Here we review some recent advances regarding shape-dependent optical properties of two specific nanoparticle geometries: gold nanorods and branched gold nanoparticles.
Introduction
The past decade has seen significant advances in the synthesis and fabrication of monodisperse noble metal nanoparticles with a variety of shapes, from simple spheres to branched multipods. These particles are pursued for applications in nanophotonics due to an effect called localized surface plasmon resonance (LSPR). LSPR occurs when an electromagnetic field drives the collective oscillations of a nanoparticle's free electrons into resonance. This classical effect was theoretically described by Mie in 1908 by solving Maxwell's equations for a plane wave incident on a metal sphere surrounded by a dielectric medium, given the dielectric function of the metal. Mie theory provides an exact analytical solution for nanosphere LSPR in terms of a multipole expansion. For nanospheres whose diameters are less than about one tenth the incident radiation wavelength, only the dipole term in the expansion is significant, and the extinction simplifies to:
where s is the extinction cross section, V is the nanoparticle volume, l is wavelength, 3 m is the dielectric constant of the medium, and 3 1 + i3 2 is the complex dielectric function of the metal. 1 The resonance condition is met when 3 1 ¼ À23 m , which occurs in the visible for gold and silver nanospheres. The sharpness of the resonance is determined by the imaginary part of the dielectric function, 3 2 . Silver, having a smaller imaginary component than gold, exhibits sharper, brighter resonances.
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One can see that in the dipole approximation, LSPR has no dependence on the size of the nanosphere. The resonant condition is purely determined by the dielectric functions of the metal and the medium. However, for larger nanospheres where the higher multipoles become important, there is a modest red shift with size. For example, 20 nm diameter gold nanoparticles have a LSPR at a wavelength of 520 nm in water, which red shifts to 600 nm as the nanoparticle diameter increases to 100 nm.
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Beyond this size, the resonance continues to shift but becomes significantly broadened. This broadening is due to both the different peak wavelengths of the higher multipoles and the radiative damping of the resonance as the scattering cross section rapidly increases. The key to achieving broad LSPR tunability without sacrificing the linewidth of the resonance is to vary the nanoparticle shape. This Application article will describe how nanoparticle shape and size affect LSPR properties. The wide array of nanoparticles and applications pursued to date are well beyond the scope of this review. We will therefore focus on recent advances in two types of chemically synthesized nanoparticles: simple gold nanorods and more complicated branched gold nanoparticles. Other shapes can be synthesized in high yield, including gold nanoshells, 3 nanocages, 4 and various polyhedra. 5, 6 Other fabrication routes to LSPR nanoparticles include high resolution lithography, metal deposition in hard templates, and even hybrid synthesis/fabrication techniques, but these will not be reviewed here.
Gold nanorods
Gold nanorods like those displayed in Fig. 1 are perhaps the most widely studied tunable plasmon resonant nanoparticles.
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These cylindrical nanostructures, typically 10-20 nm in diameter and 10's to 100's of nanometers in length, were first synthesized by a surfactant-directed electrochemical method, 8 and later by a simple electroless deposition of gold ions onto seed particles in the presence of a surfactant.
9,10 Modifications of this synthesis produced nanorods in high yield. 7, 11 This seed-mediated, surfactant-directed synthesis is quite powerful and can produce a variety of other shapes.
12 Given the advanced state of their production, most recent experimental work on gold nanorods has focused on further manipulation of their surface chemistry, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] formation of complex assemblies, [25] [26] [27] [28] [29] [30] [31] [32] [33] and development of biomedical and sensing applications.
34-56
Gold nanorod extinction spectra exhibit two plasmon bands which correspond to LSPR along their length (longitudinal resonance) and across their diameter (transverse resonance).
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Although the lack of spherical symmetry precludes an exact analytical description of their LSPR by Mie theory, gold nanorod spectra are qualitatively described by Gans theory, which is an extension of Mie theory for spheroidal nanoparticles. Gans theory calculates a depolarization factor along each axis of the spheroid based on the aspect ratio of the semimajor and semiminor radii. In both Gans theory for spheroids and experimental measurements on gold nanorods, as the aspect ratio increases, the longitudinal mode along the semimajor axis red shifts and the transverse resonance along the semiminor axis slightly blue shifts. However, the agreement is only qualitative. To quantitatively fit a nanorod spectrum with Gans theory usually requires an unrealistically large dielectric constant for the medium.
56,57
Also, Gans theory overestimates the size of the extinction cross section relative to recent experimental measurements.
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Note that Gans theory only considers the dipole term of Mie theory, so it is only applicable to nanorods with lengths lower than ca. 80 nm. The problem of higher order multipoles in gold nanorods has received less attention, in part since the high yield synthesis methods produce nanorods in the dipolelimited size range. However, template and other approaches can create larger nanorods 60 and the higher order modes can be observed. 61 For example, the higher order resonances of gold nanorods have been numerically calculated by the discrete dipole approximation (DDA), 61, 62 which represents a nanoparticle as a cubic array of polarizable points and calculates extinction cross sections based on the induced dipoles. Although DDA does not include higher order multipoles explicitly, they come about due to interactions of the dipoles. The T-matrix formulation, which directly calculates high order multipole effects, has also been applied to gold nanorod extinction. 63 Both DDA and T-matrix predict the higher order multipole resonances for large gold nanorods.
An accurate description of gold nanorod LSPR must also carefully account for the structure of the endcap. While the early lower-yield synthesis methods usually produced hemispherical endcaps, the newer high yield methods often produce flat endcaps, or even flared ends that create ''dog bone'' shapes. As seen in Fig. 2 , the effect of the endcap shape can significantly impact the LSPR resonance wavelength, causing up to 100 nm shifts from where one would expect the resonance based on the aspect ratio according to DDA calculations. 64 The end shape effects were also considered in recent T-matrix calculations. 63 
Branched gold nanoparticles
In addition to elegant geometries such as rods, shells, and polyhedra, the LSPR of nanoparticles with more intricate shapes have been explored.
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Variously termed ''branched'', ''multi-pod'', ''star-shaped'', ''lumpy'', and even ''sea urchinlike'', these nanoparticles are synthesized by reduction of gold ions in a similar manner to other colloids. Several examples of branched gold nanoparticles are displayed in Fig. 3 . They are generally not as highly monodisperse as other shapes, but in some cases well defined peaks in the ensemble spectra can be observed. Hao et al. 66 found that three-tipped nanoparticles (the most prevalent shape in their sample) exhibited plasmon resonances at 700 nm and 540 nm. DDA calculations on a model structure demonstrated that the 700 nm feature corresponded to a dipole resonance in the plane of the nanoparticle, and the 540 nm feature corresponded to a quadrupole resonance out of the plane of the nanoparticle.
With varying tip geometries and asymmetric shapes, one might expect branched nanoparticles to have complicated LSPR spectral features that are lost in ensemble measurements. To test this hypothesis, scattering spectra were measured for individual gold ''nanostars'' by single particle spectroscopy.
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With the aid of alignment marks, high resolution electron micrographs of the individual nanostars were correlated with their scattering spectra. Typical single particle spectra consisted of multiple sharp peaks in the visible and near-infrared, as seen in Fig. 4 . To find if the spectral peaks corresponded to a specific tip, an analyzer was placed on the scattered light. By tracking the peak amplitudes as a function of analyzer angle, it was found that each spectral peak from a single nanostar was polarized in a different direction, and each such direction matched that of a tip on the star.
Further evidence of the correlation between the structure and spectra of gold nanostars was provided through numerical simulation of nanostar optical properties by FDTD (finite difference time-domain) analysis. 74, 79 FDTD is a brute force method which solves Maxwell's equations repeatedly along a time-evolving spatial grid, yielding information about the far-field extinction as well as the near-field enhancements at the nanoparticle surface. In one case, 79 FDTD simulations were carried out on a structure modeled after an individual nanostar with a measured spectrum. 72 The spectral extinction determined by FDTD was in excellent agreement with the experimental observations. In addition, analysis of the near-field enhancements confirmed that the observed resonances are localized about a single tip on the nanostar. 74, 79 In both reports, field enhancements of ca. 100 to 250 were found at the nanostar tips. These values are similar to those calculated for nanoparticle dimer junctions, 80 yet exist in an open geometry, suggesting that the nanostars could be the basis for efficient SERS substrates.
LSPR in complex structures such as these branched gold nanoparticles can be understood in terms of the plasmon hybridization (PH) model. 81 PH is an analytical method which can calculate the LSPR of complicated structures by considering them to be the result of the interactions of the LSPR of simpler structures. Although PH has been successful for several geometries, 82 a branched shape such as that in Fig. 4 is too complex for its straightforward application. The structure and scattering spectrum of a single gold nanostar. The smooth spectrum is that of a 100 nm nanosphere shown for reference. Adapted from reference 72. Fig. 5 The plasmon hybridization picture of gold nanostar LSPR. Adapted from reference 79. Fig. 2 The dependence of nanorod LSPR spectra on endcap shape, for several shapes which can result from high-yield gold nanorod synthesis. Adapted from reference 64.
However, using FDTD, the PH concept can be demonstrated by simulating the simpler structural subunits of the branched nanoparticles. The nanostar in Fig. 4 was therefore broken down into the spherical core and the elongated tips, and the LSPR of each was found by FDTD.
79 Fig. 5 shows that the resulting LSPR energies can be thought of as a hybridization of the core and tip plasmons. Beyond simply setting the LSPR wavelength, this hybridization greatly increases the overall excitation cross section and field enhancements for the nanostar tips. This antenna effect of the nanostar core may be responsible for the relatively bright and narrow scattering spectra of nanostars in the single particle measurements.

Conclusions
Advances in the synthesis of high yield, monodisperse gold and silver colloids of a variety of shapes have driven a new wave of interest in their optical properties and applications. These synthesis reactions are usually quite complex and not completely understood, but clearly sufficient for the progress to date. However, here we have shown that the LSPR of nanoparticles can be strongly affected by subtle aspects of their shape, and that more detailed properties can be found in more complicated geometries. Further advances in the field will therefore require further advances in our understanding of the nanoparticle synthesis and the chemical methods to assemble complex geometries.
